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Abstract
Interest in all-inorganic halide perovskites has been increasing dramatically due to their high
quantum yield, band gap tunability, and ease of fabrication in compositional and geometric
diversity. In this study, we synthesized several hundreds of nanometer long and ∼4 nm thick
CsPbBr
3
nanowires (NWs). They were then integrated into electrospun polyurethane (PU) fibers
to examine the polarization behavior of the composite fiber assembly. Aligned electrospun fibers
containing CsPbBr
3
NWs showed a remarkable increase in the degree of polarization from
0.17–0.30. This combination of NWs and PU fibers provides a promising composite material for
various applications such as optoelectronic devices and solar cells.
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1. Introduction
All-inorganic halide perovskites have attracted significant atten-
tion in recent years due to their unique optical properties [1]. In
addition to their intrinsic stability compared to organometallic
halide perovskites [2, 3], these nanocrystals (NCs) exhibit bright
and ultra-high photoluminescence (PL) quantum yield (90%)
[4, 5], narrow band emission [2, 5], and wavelength tunability
through size and composition [4, 6–10]. These optical char-
acteristics of the all-inorganic perovskite NCs have led to dif-
ferent types of applications including optoelectronic devices and
optical components such as lasers [11–14] and LEDs [2, 15–17].
Polarized light is an electromagnetic wave composed of
an electric field that propagates in a particular plane. Polar-
ization of an incoherent light source is characterized by the
degree of polarization P that can theoretically take a value
between 0 (unpolarized) and 1 (polarized):
P
I I
I I
, 1max min
max min
= -+ ( )
where I refers to the PL intensity of the light source that is
collected after passing through the polarizer. Polarization is
utilized in many fields including displays, telecommunica-
tions, information storage, and ultra-sensitive photodetectors,
etc [18]. Recently, Wang et al investigated the polarization
characteristics of all-inorganic perovskite CsPbBrxI(3-x) NCs
[19]. These NCs were observed to have a strong degree of
polarization up to 0.36 in solution and 0.40 in film for a
particular Br/I composition. However, the polarized emission
from these NCs was obtained from only a single crystal cubic
phase of CsPbBrxI(3-x). There are well-known morphologies
of this crystal such as nanoplatelets [20], nanowires (NWs)
[7, 21, 22], and nanosheets [23], which may show the
potential of further enhancements in the degree of polarization
of these NCs [24–26].
Electrospinning is a process that can produce nano- to
micro-scaled fibers in diameter via the high potential differ-
ence between the nozzle of a solution container and a
grounded and conductive collector [27]. It is a facile and
inexpensive process to obtain nanosized polymeric and
composite fibers. Moreover, it provides full control of the
morphology of individual fibers (fiber diameter, shape, and
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surface chemistry). The fibers are formed through a jet that
occurs from the electrostatically charged surface of a polymer
droplet to the grounded collector. These electrospun fibers are
often collected as randomly oriented structures in the form of
nonwoven mats [27]. Since their disordered structures are not
convenient for use in device fabrications (i.e. microelectronics
and photonics) due to the scattering of light, well-aligned and
highly ordered architectures are often desired to have obtain
coherent interaction of light with the structures. For instance,
the alignment of the fiber assembly can yield a polarized
luminescence or can even enhance it [28–30]. In order to
obtain aligned fibers, several methods, for instance employing
parallel positioned metal strips with an air gap [31] or a
rotating drum as collector [32], have been reported in the
literature. Apart from the electrospinning technique, the
ordered array of indefinitely long NW fibers was achieved via
a new iterative size-reduction process [33] or a sonochemical
approach can be used to achieve single crystal NW composite
fibers [34]. Electrospinning provides not only a way to obtain
uniaxial fibers but also can be used to align nanostructures
[35–37]. The ability to achieve such a type of hierarchical
nanocomposites is a facile way to produce advanced optical
materials. The alignment of the fibers provides a 1D hier-
archical structure that can potentially be used in a polarization
filter [37].
In this study, CsPbBr3 NWs were prepared and integrated
with polymeric film prepared by solution electrospinning and
film casting. The fibers were spun from solution in both a
nonwoven and an aligned arrangement. This aligned com-
posite fiber assembly was found to exhibit polarization higher
than that of the NW dispersion. Moreover, it showed a higher
level compared to that of both the drop-cast film and the
randomly positioned nonwoven fibers. This approach of
composite fabrication is simple, flexible, and customizable;
therefore, it can be readily used in future optoelectronic
applications based on 1D materials.
2. Experimental
2.1. Materials
Cesium carbonate (Cs2CO3, 99.9%, Sigma-Aldrich), lead(II)
bromide (PbBr2, 98%, Sigma-Aldrich), oleic acid (OA,
90%, Alfa Aesar), oleylamine (OLA, 90%, Sigma-Aldrich),
1-octadecene (ODE, 90%, Sigma-Aldrich), dimethylforma-
mide (DMF, 99.9%, Tekkim), acetone (Merck, 99.5%),
dichloromethane (DCM, 99.9%, Sigma-Aldrich), tetra-
hydrofuran (THF, VWR, 99.7%), and polyurethane (PU,
Ravago) were purchased and used as received without any
further purification.
2.2. Methods
The diffraction profile of the CsPbBr3 NWs was recorded
with an x-ray diffractometer (X’Pert Pro, Philips, Eindhoven,
the Netherlands). High resolution transmission electron
microscopy (HRTEM; JEOL 2100F, operated at 200 kV) was
employed to examine the NW morphology. Scanning electron
microscopy (SEM; Quanta 250, FEI, Hillsboro, OR, USA)
was used to determine the NW embedded-electrospun fiber
morphology with both back-scattering electron (BSE) and
scanning transmission electron microscope (STEM) detectors.
The time resolved and polarized emission spectra of both the
NWs and NW embedded fibers were recorded on an FS5
Spectrofluorometer (Edinburgh Instruments, UK).
2.3. Synthesis of Cs-oleate
The Cs-oleate solution was synthesized by following the
procedure used by Amgar et al [7]. Cs2CO3 (0.2 g), OA
(625 μl), and ODE (7.5 ml) were loaded into a three necked
flask, and dried under vacuum (150 mbar) at 120 °C for 1 h.
Subsequently, the mixture was heated to 150 °C under N2,
and the reaction was maintained until all the Cs2CO3 was
consumed by OA. Afterwards, the yellowish Cs-oleate solu-
tion was gradually cooled down (it had to be pre-heated to
100 °C before using).
2.4. Synthesis of CsPbBr3 NWs
CsPbBr3 NWs were prepared in four steps with slight mod-
ifications based on the procedure in [7]. First, aliquots of
0.125 ml of OA, 0.125 ml of OLA, and 1.25 ml of ODE were
loaded into a glass vial. Second, 0.1 ml of pre-heated Cs-
oleate solution was added to the mixture subsequently. The
third step involved the addition of 0.2 ml of PbBr2 precursor
solution (0.4M, heated for 1 h at 80 °C until full dissolution).
Fourth, 5 ml of acetone were rapidly added to trigger the
crystallization of the CsPbBr3 NWs. Stirring was maintained
for 30 min and green precipitates were collected by using
centrifuge (6000 rpm, 10 m). The precipitates were re-dis-
persed in DCM.
2.5. Preparation of CsPbBr3 NW embedded fibers
CsPbBr3 NW embedded PU fibers were prepared by elec-
trospinning. Two parallel steel strips were placed 5 mm apart
from each other on an aluminum foil collector to obtain
aligned fibers. The electrospinning of a suspension of NWs
and PU solution (25 wt.% in THF) was used to form com-
posite fibers. The solid content of the NWs was fixed to
0.15 wt.% with respect to the polymer. Aliquots of 5 ml of PU
solution, 0.3 ml of THF, and 0.3 ml of NW/DCM dispersion
were mixed in a glass vial, and then the resulting suspension
was loaded into a syringe. Two electrode holders were con-
nected to the syringe needle and the collector, respectively. A
fixed potential of 15 kV was applied and the flow rate was set
to 0.8 ml h−1.
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3. Results and discussion
3.1. Synthesis of NW and preparation of composite
electrospun fibers
The CsPbBr3 NWs were examined using the spectroscopy,
diffraction, and microscopy techniques. Figure 1(a) shows the
photoluminescence excitation (PLE) and emission spectra of
the NW samples dispersed in DCM. The violet dashed line
denotes the excitation spectra recorded at an emission
wavelength of 490 nm, and covered a wide range of 250 to
∼450 nm. For the emission spectrum, the NWs were excited
at the wavelength of 400 nm, and a single narrow emission
(FWHM=23 nm) at 490 nm was observed. This excitonic
narrow blue emission may be the result of a quantum con-
finement effect due to the narrow diameter of the wire [21].
Although the dispersion of particles in DCM is yellowish
green under daylight, they showed a strong blue emission
under UV (inset of figure 1(a)).
The XRD pattern of the NWs is presented in figure 1(b).
The characteristic reflections at 15° and 22° correspond to the
planes (110) and (020), respectively. Moreover, two sharp
reflections at ∼30° and ∼31° represent the planes (004) and
(220). These signals verify the standard orthorhombic pattern
of CsPbBr3 [38]. Figures 1(c) and (d) show several low
magnification high angle annular dark field (HAADF) STEM
and TEM images revealing that the sample mostly consists of
4 nm thick and several hundreds of nanometer long NWs.
Most of these NWs were present as bundles, as clearly shown
in the HAADF STEM image, yet it was possible to observe
individually dispersed NWs. This finding verifies the forma-
tion of 1D anisotropic growth of CsPbBr3. This type of
growth may be achieved via anisotropic interfacial energy of
different crystal planes those are covered and passivated by
OA and OLA, respectively [7, 34]. In the following, we
present some detailed HRTEM investigations of the structure
and phase of these NWs. Unfortunately, due to the instability
of the structure under electron beam, relatively larger struc-
tures are used for the examinations. Figure 2 shows a
HRTEM micrograph of the nanostructures with various
thicknesses (6 and 27 nm). The details of the red squared area
from the tip of the wider nanostructure and its related power
spectrum obtained by fast Fourier transform (FFT) are pre-
sented in this figure. The FFT shown on the right indicates
that this nanostructure is composed of an orthorhombic
CsPbBr3 phase (space group = Pnma) with lattice parameters
of a = 0.82 nm, b = 1.17 nm, and c = 0.82 nm and it is
visualized along its [−110] zone axis. Then again, the tip of a
∼6 nm thick NW (indicated by a green square) is found out to
be crystalline and as indicated in its detailed image, the pre-
sent lattice fringes belong to the {004} family of planes of the
same orthorhombic CsPbBr3 phase.
CsPbBr
3
nanocrystals are extremely sensitive materials
against a polar environment [39]. This sensitive nature can be
attributed to the highly ionic structure of the nanocrystals and
dynamic ligand coverage onto their surface. Therefore, the
Figure 1. (a) PLE (λem: 490 nm) and PL (λex: 400 nm) spectra of the CsPbBr3 NWs and the inset shows a photograph of the NW dispersion
in DCM under UV light (366 nm), (b) x-ray diffraction of CsPbBr3 indicating the crystallographic features of the NWs. (c), (d) HAADF
STEM and TEM images of the NWs cast from DCM dispersion showing a uniform thickness of 4 nm.
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integration of these nanostructures into a polymer matrix via
electrospinning is a process that should be carried out care-
fully. It needs to be overcome by using polar solvents.
Figure 3 shows the morphology of the electrospun fibers
containing NWs. In figure 3(a), SEM images of both the
aligned and nonwoven fibers are shown in the air gaps
between the strips and on the strips, respectively. The non-
woven fibers developed on the steel strips show an intensive
fiber distribution and random alignment (figure 3(b)). On the
other hand, the aligned fibers between the steel strips are
formed in an assembly without sticking to each other.
Moreover, these fibers possess an ordered 1D arrangement
between the steel strips. These fibers are examined by mea-
suring the degree of alignment using the ImageJ software on
the SEM images. Following the axis and angle defined in
figures 3(c) and (d), the result of the degree of alignment
shows that these fibers are almost perfectly aligned with an
angle very close to 0°. For a wide view of these aligned fibers,
an optical microscope image is also given in figure 3(e). It is
obvious that the fibers formed between these two steel strips
show a very high degree of alignment. In other words, these
aligned fibers are produced as having an explicit 1D
arrangement.
A STEM image of the NW embedded-electrospun fibers
is given figure 4(a). The fibers were found to be distributed
without a preferential alignment over the copper mesh grids.
As the inset of figure 4(a) shows, these NWs cover only small
regions along the fiber having 0.5 μm diameter. Image of the
nonwoven sample taken in the SEM backscatter mode is
presented in figure 4(b). Bundles of NWs are evidently
associated with the fibers. The NW bundles seem to be ran-
domly distributed over the fiber volume. The shear rate
Figure 2. HRTEM image showing several nanostructures with various thicknesses (6 and 27 nm). The red squared figures indicate the lattice
fringes and the corresponding power spectra of the thicker samples whereas the green square shows the lattice fringes of the 6 nm one.
Figure 3. (a) SEM images of NW embedded fibers in several magnifications. The white squared ones show (b) randomly deposited
electrospun fibers collected over the surface of steel strips and (c) aligned fibers uniaxially formed across the gap between the strips.
(d) Population of fibers at various angles (θ) towards one another showing the degree of alignment whereas θ defines the angle between
the direction of the fiber and the normal steel strips. (e) Optical microscopy image of fibers also showing the alignment.
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applied during the electrospinning process was able to orient
the components of the precursor solution along the fiber axis
[30, 37]. The aspect ratio of the wires is very high such that
they bend, twist, and may undergo inter/intra wire entan-
glement. The size of the bundles (or aggregates) appears to be
comparable with the diameter of the fibers so that the elec-
trical force applied may not be able to orient them. The inset
represents the focused backscatter image of the selected
region, and the overview of this region explicitly demon-
strates that this small region is composed of aggregated wires
(where the geometry of the wire has already been verified by
the TEM images shown in figure 1) forming NW aggregate.
Attempts were made to image the alignment of the NWs in
electrospun fiber volume via TEM. However, the fibers are
not transparent under electron beam since the thickness of the
individual fibers is around half a micron. The embedment of
the fiber mat in epoxy resin for microtoming did not work due
to the mechanical weakness of the submicron diameter PU
fibers. They detached from the bulk epoxy matrix during the
slicing process.
3.2. Optical features of CsPbBr3 NWs and their electrospun PU
composite fibers
Polarization of NW/DCM dispersion was estimated through
the PL spectra of NW/DCM dispersion in the presence of a
polarizer (used as analyzer) at various angles (figure 5(a)).
The PL intensity recorded at each angle from 0°–60° shows a
systematic increase; however, a reduction is observed
between 60°–150°. The difference in the angle between the
maximum and minimum PL intensities (I) is 90° suggesting
the resolution of parallel and perpendicular electrical fields,
respectively. The degree of linear polarization can be obtained
by using equation (1). The change in polarization with respect
to the angle of the analyzer is explicitly demonstrated in
figure 5(b). The data were fit using a sine function. Applying
equation (1) to this set of data shows in a degree of linear
polarization of 0.17. It is found to be higher than the polar-
ization reported for CsPbBr3 QDs (in the form of nanocubes)
dispersed in hexane, which is approximately 0.075 [19]. The
authors achieved enhancement of the polarization of CsPbBr3
QDs by distorting the cubic structure of CsPbBr3 through
incorporating larger iodine atoms. Using this strategy, the
authors were able to obtain a degree of linear polarization of
0.36 for CsPbBrxI(3-x) in hexane. The reason for this sig-
nificant increase was reported as due to breaking of the space
inversion symmetry [19, 40]. The improvement observed in
this study for the polarization of CsPbBr3 was from 0.075
(QDs) to 0.17 (NWs). The reason may originate from the
asymmetry of 1D wire geometry compared to the 0D
nanocube.
Figure 6 shows the PL spectra of the prepared fibrous
composite assembly. Compared to the emission spectra of the
NW/DCM dispersion shown in figure 1(a), these samples
showed a remarkable a redshift. The reason for this shift may
Figure 4. Representative NW embedded fiber images were also
taken with (a) STEM and (b) BSE detectors. Red squared images
showing NW bundle in PU fiber at a high magnification.
Figure 5. (a) PL spectra of the NWs with a polarizer between 0–60°
and (b) the polarization properties of the CsPbBr3 perovskite
in DCM.
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be due to aggregation of CsPbBr3 NWs forming bundles in
the polymeric fiber or film [5, 41, 42]. The degree of redshift
for the aligned and nonwoven fiber mats, and drop-cast film,
was found to differ from each other. First, the PL of the
nonwoven fibers shifted from 490–497 nm. Second, the PL of
the drop-cast film is collected at 506 nm, while the one of the
aligned fiber mats is collected at 517 nm. The reason for the
difference in red-shifting between these samples, even though
they possess the same composition, loading density, and
surrounding matrix, may be the result of different NW bundle
sizes developed in the course of structure formation. Self-
absorption and/or Förster resonant energy transfer (FRET)
between the smaller and larger NW bundles can also con-
tribute to the PL shift [5, 41, 42]. On the other hand, highly
asymmetric PL signals can be observed in figure 6. This result
may also suggest the formation of bundles consisting of
various numbers of individual NWs. Transient PL and the
carrier lifetime characteristics of these samples are presented
in figure 6(b) together with the NW/DCM dispersion. The
wavelength at which photons are counted in lifetime mea-
surements are chosen from their corresponding peak position
of the PL spectra. All samples were fitted with tri-exponential
decay (table 1 shows the details of these fittings parameters).
The PL decay time, τ1, which is a fast decay process, may be
related to charge carrier extraction either between NWs or
their surrounding media. It was found that the averaged
lifetime for NW/DCM is 3.15 ns. The decay times for the
drop-cast film, nonwoven fibers, and aligned fibers are 2.17,
2.40, and 2.99 ns, respectively. The lifetime is reduced when
the NWs are integrated into all solid polymeric films either
obtained by casting or by electrospinning [43–45]. Unpassi-
vation of perovskite surface via interaction with surrounding
polymer chains and potential formation of new nonradiative
decay pathways could be responsible for the reduction in
lifetime (τ1). Nevertheless, they are comparable to each other
implying that no significant change occurs in the presence
of PU.
Polarizations of the all film samples including drop-cast
film, nonwoven, and aligned fibrous mats are given in
figure 7. It was found that the aligned fibers containing NWs
showed polarization of nearly 0.30. Compared to the polar-
ization of the NW/DCM dispersion, a 76% improvement was
observed for the aligned NW/PU fiber mats. The enhance-
ment may be achieved by partially orientated individual NWs
along the aligned fiber axis in the fiber volume. Previously,
Wang et al reported the polarization of CsPbBr3 QDs in
dispersion as 8%. The authors claimed that the polarization
was destroyed upon their integration with the polymeric film
(table 2). However, the polarization of NWs in all solid films/
mats in this study is higher than their corresponding disper-
sion. The degree of linear polarization of nonwoven fibers
was found to be 0.23, and the drop cast was 0.20. These
values are worse than those for the aligned fibers. The degree
of polarization of different samples including the CsPbBr3
nanocubes [19] are summarized in table 2. Depending on the
geometry, it is obvious that the prepared 1D asymmetric
Figure 6. (a) PL spectra of the drop-cast film, electrospun nonwoven, and aligned fibers of the NWs and (b) time-resolved spectra of the
DCM/CsPbBr3 NW dispersion and their PU composites as drop-cast film, nonwoven, and aligned fibers showing their decay rates at their
emission wavelengths (λ:490, 506, 497, and 517 nm), respectively.
Table 1.Multi-exponential fitting parameters of the time-resolved spectrum of the DCM/CsPbBr3 NW dispersion, drop-cast film, nonwoven
fibers, and aligned fibers.
Sample τ1(ns) A1(%) τ2(ns) A2(%) τ3(ns) A3(%) τave(ns)
NWs in DCM 0.23 18.26 1.12 28.34 5.22 53.40 3.15
Drop cast 0.14 35.51 1.45 28.64 4.75 35.85 2.17
Nonwoven fiber 0.01 51.38 1.40 12.42 6.15 36.20 2.41
Aligned fiber 0.17 23.45 1.34 32.30 5.68 44.25 2.99
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CsPbBr3 NWs showed enhancement compared to its 0D
nanocube structure. Apart from this geometry based
improvement, further enhancement for the degree of polar-
ization is achieved via aligning the NW containing fibers.
4. Conclusion
CsPbBr3 NWs with a width of ∼4 nm and length of hundreds
of nanometers were synthesized. The NWs were successfully
integrated into electrospun PU fibers. The alignment of the
fibers was achieved by simply changing the geometry of the
electrospinning counter electrode. Partially oriented NWs
along the aligned electrospun fibers enabled us to develop a
highly oriented 1D structure over a large (cm2 scale) area. The
degree of linear polarization of the aligned composite fibers
showed a 76% improvement compared to that of the NW/
DCM dispersion. This method can be applied to different all-
inorganic halide perovskites such as CsPbI3 to further
enhance the polarization of the composite system. This hier-
archical structure can potentially be used in optical devices
such as displays that require polarized light emission from a
solid film. However, the stability of these all-inorganic per-
ovskites in organic solvents as well as polymer matrices
remains an issue.
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